. nD-A137 283 PAIRWISE BALANCED” LATIN SQUARE SHOULD ALWAYS BE USED
FOR WITHIN-SUBJECT. . (U) OHIO STATE UNIV COLUMBUS DEPT
OF PSYCHOLOGY I M OSTROM ET AL. 28 DEC 83
UNCLASSIFIED SOCIAL PSYCHOLOGY BULL-83-

F/G 12/1

[
!

2




R T R O T T S A TR A B X 8 ST L 5 L W & . <Lal LW, ¥

s

I
FEEEE
EEEE
:RE

o ;
- —— 1.8

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

Vb e e pe sl

e ————

k4

- . - - w - LA 3
A SL AT AR A SARLE
‘::J:;‘:;'_a.': LoV N PO

T

4

Ly

L)
iy by

Ay b

- o™

N




aJ
8
]
=

L
e
Wb
,!“:

s
P 1

iy

o
(v o)
R
&~
cQ
P
<X
(]
<C

AR e S e S D A

"PAIRWISE BALANCED" LATIN SQUARES SHOULD ALWAYS BE

USED FOR WITHIN-SUBJECTS DESIGNS

Thomas M. Ostrom Paul D. lsaac

Ohio State University Ohio State University

and
C. Douglas McCann

York University

Technical Report Number TR/ONR-10

December, 1983

Social Psychology Bulledin- 83-2//

Reproduction in whole or in part is permitted for any purpose of the

United States Government. This report was supported by contracts on the
Organizational Effectiveness Research Program, Office of Naval Research
United States Navy (Code 452) under control No. NO0O1l4-81-K-0112, NR 170-927.

APPROVED FOR PUBLIC RELEASE:

DISTRIRUTION UNLIMITED

055

7 AN N A R

T o k] A ot 4@ Aol it aid- el il e B “adit it Jnd_Aai jiek St e 2eit Yt AR Bt Al TR Tl
A AUACHAM AR AL A A A A ] DA S eV s RAIE M e i it S ety e A At AL IR AR

)




s fdlal L

G T ek

w
~

4.‘“ s

R
i %

4
b
1

B S vy} Y00 St '

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

B e Bty 21y i ioad, Aok, .\_-.'L.\_‘-.-'- .

PIRG4Sl A I S A

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

e T T YT T T
3. RECIPIENT'S CATALOG NUMBER

[7. AuTHOR(s)

4. TITLE (and Subiitle)

"Pairwigse balanced" Latin Square should always

[T. REPORT NUMBER 2. GOVT ACCESSION NO.L
TR/ONR-LO iy 1730 B>

8. TYPE OF REPORT & PERIOD COVERED

Technical Report

be used for within-subjects designs

6. PERFORMING ORG. REPORT NUMBER
RF 762498/713444

Thomas M. Ostrom, Paul D. Isaac, and
C. Douglas McCann

8. CONTRACT OR GRANT NUMBER(e)

J
N0OOQ14-31-K-112
A

[3. PERFORMING ORGANIZATION NAME AND ADDRESS

The Ohio State University Research Foundation
1314 Kinnear Road

Columbus, Ohio 43212

e ————————————
10. FIOORA M ELEMENT, PROJ!CT TASK

REA & WORK UNIT NUMB

NR 170-927/10-15-82 (440)

15. CONTRO.LING OFFICE NAME AND ADDRESS
Organizational Effectiveness Research Programs

12. REPOART DATE
December 20, 1983

Office of Naval Research (Code 452)

13. NUMBER OF PAGES

29

Arlington, VA 22217
4. WONITORING AGENCY NAME & ADDRESS(I{ dilferent from Controlling Office)

18. SECURITY CLASS. (of this report)
Unclassified

[78a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

e e, -
16. DISTRIBUTION STATEMENT (of thia Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetract entered In Block 20, I different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse eide if neceseary and identify by dlock number)

Research design, repeated measures, Latin Squares

, within subjects designs

ZS;ISTIACT (Continue on reverse side Il neceseary and identily by block number)

has prompted concern for the potential confounds

presentation.

he use of repeated measures designs in many areas of psychological research

inherent in the interpre-

tation of treatments that have been included as within-subject variables.
Of the solutions proposed for this problem, the most commonly adopted
strategy is the use of Latin Square counterbalancing orders for treatment
Traditional Latin Square designs ensure that each of the
experimental treatments included as part of the within-subject factor(s) is

EDITION OF 1 NOV 6818 ORSOLETE
S/N 0102- LF-014- 6601

1473

w FORM
1 JAN 73

T A0, A A 0 T PR IN T TSI

Bi W

Unclassified

Tw e e e I I )
o o« n L]
"m A.‘.q. .\. A.‘ - oY \_! -u' s('n_* a’ \'{L "l.‘ P ) J

SECURITY CLASSIFICATION OF THIS PAGE (When Deta Enteved)

&*4.' 4‘*--‘ [

-~

L

&




“3‘:{ ST R e T e O het e s A6 B SC I e eI A s e S - iy it TR T IR

b
Yy
o
e Unclassified
A SECUMTY CLASSIFICATION OF TWIS PAGE (When Date Entered)
%
tj Block 20 (Abstract) - Continued
L%
- A9 ¢
f \administered in each serial position of the treatment sequence. The
present paper presents a discussion of a novel technique for the
generation of a subset of Latin Squares that control for two additional
v features that are seen to be important in many research situations, 1.e.ﬂ
;:‘ pairwise priority and distance. Such Latin Squares are referred to as )
KL 'pairwise balanced' Latin Squares. The relative advantages of using
N such Latin Squares in repeated measures designs are discussed. ‘
N .
NN
B,
*-*3 |
s
o
%
i N
e
™
‘
ok
,,5‘
b
3
%
h
.o
L
v
l“.:
$0
’ SN 0102- LF. 014- 660)
°:",'

— SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)




Pairwise Balanced Latin Squares

2

'Pairwise Balanced' Latin Squares Should Always

Be Used for Within-Subject Designs*

Running Head: Pairwise Balanced Latin Squares - s o

#

*This work was supported by Contract N00014-81-K-0112, NR 170-927,

Organizational Effectiveness Research Program, Office of Naval

Research. The authors would like to thank Steven Breckler, Patricia

Devine, Lisa Herron, David Kenny, John Lingle, Anthony Pratkanis,

Thomas Pusateri, and Tamara Smith, for their comments on an earlier

draft of this paper.

PO T PO P RN
.‘}-'_\fb} ‘_\ -.: C N l.:. N :‘ [

'
s
f
b
4
!

e dey el



CAYE ST O R g A WA M Uy N W T oo, w ad . W o W\ ey -V P A A

Pairwise Balanced Latin Squares

3

* Abstract

L The use of repeated measures degigns in many areas of psychological

research has prompted concern for the potential'confounds inherent

'iﬁ in the interpretation of within-subjects effects. Of the solutions

;é ‘proposed for this problgm, the most commonly adopted strategy is
the uge of Latin Square counterbalancing orders for treatment

presentation. Traditional Latin Square designs ensure that each

of the experimental treatments appear equally often in each serial
position of the treatment sequence. The present paper presents a

technique for generating a subset of Latin Squares that control |

for two additional characteristics of treatment sequence. Pairwise i
priority refers to the proportion of times that for any given
treatment pair, x and y, Treatment X precedes Treatment y. A

" subget of Latin Squares exists for which this proportion is .5 for

all treatment pairs. Pairwise distance refers to the number of

o other treatments that come between treatment pair x and y in the:

1% treatment sequence. A subset of Latin Squares exists that partially
controls for the distribution of distances across all treatment
pairs. The subset of Latin Squares that contrds for both
pairwise priority and pairwise distance are referred to as 'pairwise .

balanced' Latin Squares.
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4
, Within-subject designs are béing used with increasing frequency .
3
Z’ : in psychological research. For example, Poulton (1982) compared the

types of experimental designs employed in research reported in the

Journal of Experimental Psychology in September 1972 and 1979 and

found that the ratio of within-subject to between-subjects designs

had increased from 1.7: 1 to 7.3: 1. This increase has been

‘ accompanied by commentary and analysis concerning the adequacy of

| such within-subject designs to provide unambiguous tests of

experimental hypotheses (e.g., Greenwald, 19}6; Poulton, 1973,
1974, 1982; Rothstein; 1974). The central concerns embodied in
these commentaries relate both to matters of experimental procedure
and the proper interpretation of experimental results. Of course,

:, the two are interrelated in that improvements in procedure often

) gerve to lessen interpretiire cautions,

The most efficient procedure for dealing with the interpretive
problems of within-subject designs involves the use of Latin Sqdare
counter-balanced orders for treatment presentation (e.g., Lindman,
1974; Myers, 1979; Winer, 1972). The pur.pose of the present paper

is to address the adequacy of traditional Latin Square selection

e

criteria. The traditional criteria focus exclusively on guaranteeing )

that all treatments appear equally often in all serial order positions y
of the treatment presentation sequence. In this paper, we argue

that two additional criteria should always be invoked when selecting

a Latin Square, namely the criteria of "pairwise priority" and

"pairwise distance”.
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Within-subject Treatments and Latin Square Designs

In within-subject designs, each subject is exposed to all
of the experimental treatments. This type of design is often
preferred because: a) it allows for greater economy in subject
utilization, b) it often serves to increase the statistical power
of hypothesis tests, and c) it is often a more ecologically valid
way of examining specific research hypothe;es (e.g., Greenwald,
1976, but see Poulton, 1982).

Although preferred for these reasons, within-subject designs
are also encumbered by procedural weaknesses that often leave the
research open to plausible alternative explanations for the obtained
experimental results;. Chief among these potential confounds are
those a;sociated with order or gequence effects, practice and/or
fatique effects, and the residual effects (also referred to as
transfer, carry-over or range effects) of treatments (e.g.,
Campbell & Stanley, 1966; Carlsmith, Ellsworth & Aronson, 1976;
Christensen, 1980; Crano & Brewer, 1973; D'Amato, 1970; Greenwald,
1976; Poulton, 1973, 1974, 1982). Several ggnefal types of
solution; have been suggested in attempts to take such potential
sequence effects into account. The most commonly adopted procedure
' involves the use of Latin Square counterbalancing of treatment

orders.

Traditional criteria for Latin Square selection.

Latin Squares control serial position effects by ensuring

‘that each treatment appears equally often in each order position.
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6
Traditional selection criteria focus on random selection from the
population of all possible squares. Consider the guidelines outlined
by Winer (1972). He suggests that one first randomly select a d
standard square from such sources as Figher & Yates (1953) or
Cochran & Cox (1957). Next, the columns and rows are randomly
reordered. Winer provides an example for the 4X4 Latin Square
case. Sfarting with the square on the left of Table 1, Winer
reordered ihe columns and rows according to the random number

sequences 2, 4, 1, 3 and 3, 4, 1, 2 producing the square on the

Ingert Table 1 about here

right of Tgble 1. In Latin Square designs such as this, the
columns refer io the serial order of treatments (a within-subjects
factor) and the mouﬁ refer to subject types (a between-subjects
factor). |

In practice, many investigators bypass the recommended .
procedure and gemerate their own square in the simplest manner
possible. This can be done by randomly assigning treatments to
positions in the first row of a square and then cyclically permuting
each subsequent row. To do this, one simply takes the last condition
of the first row and puts it in the first position of the second row. ‘
All other treatments are then shifted accordingly one position to
the right. By coincidence, the recommended square produced by
Winer's randomization procedure (see Table 1) yielded such a

cyclical. square. This can be seen most easily by transposing rows

{
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two and three in Winer's recommended square. Even Cochran and Cox
(1957, p. 145-146) revert to the use of cyclical squares when n
is greater than 6. Such cyclical squares, unfortunately, always
introduce pairwise biases, and therefore should always be avoided
for counterbélancing in repeated measures designs.

New Criteria. for Latin Square Selection

It is clear that the cyclically generated squares, as well as
those generated in the traditional manner, all satisfy the selection
criterion of ensuring that each treatment appears in each of the
four treatment serial positions. These commonly used squares,
however, fail to explicitly control for two other features of
treatment sequence that can affect the interpretation of within-
subject treatment differences, i.e., pairwise priority and pairwise
distance.

Pairwise priority refers to the proportion of times (across

all subject types) that "treatment x" precedes "treatment y".

‘When that proportion is exactly .5, this means that x precedes y

as often as y precedes %. For examplé, note that in the condition pair of
0, 1 in the recommended square of Table 1 the proportion is exactly

.3 (or 2/4), whereas for the pair 0, 2 the proportion is .75 (or

3/4). A subset of squares exists in which all pairs have exactly

a .5 probability. Such squares are considered to be balanced for
palrwise priority.

Pairwise distance refers to the number of other treatments

(counting forward or backward from the numerically smaller member
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of the treatment pair to the larger) occurring between a particular
pair of treatments, x and y. For example, in the first line of the
recommended square of Table 1, there is a distance of two units
between the 1, 3 condition pair; Ideally, one would want to
exactly control the distribution of distances over the entire
design for all condition pairs. Unfortunately no Latin Squares
exist that provide suéh a control.

There are two features of the distributions of pairwise
distances that can be controlled within a single square. The
first is the proportion of pairs that are contiguous (i.e., the
pioportion of times, over all subject t&pes, that a particular
pair has a distance of zero). Note in the recommended square of
Table 1 the pair 0, 2 are contiguous three of four times, whereas
the pair 0, 1 are never contiguous. Of the six pairs in this
square, foﬁr have at least one contiguous occurrence and two
(0, 1 and 2, 3) have no contiguous subject types. A subset of
Latin Squares ?xists in which all condition pairs have exactly
two subject types with zero distance. In such squares, the
proportion of contiguous pairs is constant for all possible pairs.

There is a second feature of the distribution of distances
between pairs that ;an be controlled. In sqﬁares balanced for
pairwise priority, it is possible to obtain directional symmetry.
One can exactly match the distribution of distances for subject

" types in which Condition x precedes Condition y with the distribution

obtained wr » Con” .ion x follows Conditfon y. Thus directional
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‘g‘ . differences in priority will not be confounded with distance. Latin
g% Squares that control for these two features of discance (directional

! symmetry and proportion of contiguous pairs) are considered balanced
% . for distance.
é%, Construction of Pairwise Balanced Latin Squares
e The existence of subsets of Latin Squares incorporting features
ﬁé related to the present concerns has been acknowledged in the past
;ﬁ (e.g., "diagram" balanced designs of Wagenaar, 1969, and designs

"balanced for the estimation of residual effects", as discussed by

Alimena, 1962; Cochran & Cox, 1959; and Williams, 1949). However,

these earlier authors have not addressed the special implications
of these squares for counterbalancing in psychological research.

g We have also been able to improve on the procedures presented in

3

%g this earlier work for identifying acceptable squares (Isaac, McCann
’ & Ostrom, 1983). For example, our procedure for even number designs
generates more squares than does Williams' (1949) procedure, and

é includes squares equivalent to those generated by Alimena (1962)

-i and Wagenaar (1969). Reports of these earlier procedures are absent
3 from many books on statistics (e.g., Winer, 1972; Meyers, 1979) and
N research design (e.g., Crano & Brewer, 1973; Murphy & Puff, 1982)

: that appear in the psychological literature,

Since procedures for generating pairwise balanced pairs are

Tt

vg ’ available elsewhere, we will not repeat them here. Instead we
have prepared tables that summarize squares ranging in size from

three to sixteen. Most repeated measures research in psychology

>
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10
involves designs in that range. We should also note at this point
that no single generation procedure exhaustively represents the
entire population of pairwise balanced squares for any given n (see

Isaac, McCann, & Ostrom, 1983).

Insert Tables 2 and 3 about here

The entries in Tables 2 resulted from applying procedures referred

to in Isaac et al. (1983). Those in Table 3 were initially developed
by Williams (1949). We suspect that even more could be produced
through trial and error (see Wagenaar, 1969, and Denes & Keedwell,
1974).

How to use Tables 2 and 3

Tables 2 and 3 do not contain the full Latin Squares; rather,
they provide only the first line of the one or more pairwise balanced
squares given for each size n. This first line corresponds to
"Subject Type I" as described in Table 1. The lines corresponding
to the remaining Subject Types are easily produced in the manner
described below.

1. Determine the size of Latin Square needed for the
research design. The size (n) corresponds to the number of treatments
in the 'repeated measures experiment.

2. Select a first line from Table 2 or 3 that corresponds
to n. If more than one is listed in the table, select one randomly.

3. Generate the remaining rows (or Subject Types) of the

square. Successive rows are produced by adding one (in modular

\\'\ i ’l'u\.ﬁ". u A TAYAY ~,-.\; \;‘- _~.~‘:‘._ \ L e e .__-:‘...-’.."_-..’,..._. e e :_ -




e W

*

Pairwise Balanced Latin Squares .

e S

11
i
g ? arithmetic) to each entry in the previous row. As an illustration,
% consider the square of n = 4 in Table 2. The second, third, and

’ fourth rows are 1, 2, 0, 3; 2, 3, 1, 0; and 3, 0, 2, 1, respectively.

s 4. Randomly assign experimental treatments to the n numbers
‘; in the resulting square. Note that this means whenann by n square
! is generated, it forms the basis of n! squares of experimental
N treatments.
: 5. Randomly assign subjects to rows of the square, insuring
) that an equal number of subjects are assigned to each.
{ 0dd size squares
: Complications arise when an experiment involves an odd number
) of experimental conditions. Whereas complete pairwise balance
f can be achieved with a single square for n even, this cannot be
g done in the case of n odd. For example, it is impossible to

achieve pairwise priority for n odd since the proportion of times

% Condition x precedes Condition y can never be exactly .5. 1In this

PN

cage, two squares must be used to achieve design-wide pairwise
balance. This can be done by selecting any first row from Table 3

and combining it with a square based on the reverse of the selected

el e ara

first row.
N One implication of using two squares for n odd is that the
minimum number of subjects required for full counterbalancing
increases from n to 2n. This suggests that there is a distinct
advantage to employing repeated measures designs in which the total

5 number of conditfons is even., Thus, if the mlaimum number of

N S AT T T T T L T T NN S e
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conditions needed to test the experimental hypothesis is odd, the

researcher is urged to consider the benefits of adding one

theoretically relevant condition. This would result in increased ‘
:E{: economy in terms of the minimum number to subjects required.
5?;3 When the main experimental concern is with t?ends over a
e parametric independent variable (e.g., set size or exposure time),
iig; adding one more condition will also allow for a test of an additjonal,
éégg higher order orthogonal polynomial. When the repeated measures are
3

the result of a factorial design (e.g., set size by exposure time
by familiarity of word type), it is necessary that only one factor

have an even number of levels. Conditions under which odd squares

should still be used occur when an increase to an even design would

f$;3 result in excessive expense or excessive running time for subjects.
‘53% Statistical Considerations

q:“ Degigns reported in this paper are balanced for additive residual
g%ij or carry-over effects of the immediately preceding treatment. It

%?; should be noted that the residual effects may be more complicated;

-;:3 for example, multiplicative effects or those persisting beyond the

:;éé immediately preceding treatment. If the structure of the residual

f%éﬁ is of some more complicated sort, these designs or any other Latin

4§:, Squares may not be appropriate. The investigation of such residual
Qi“ effects is beyond the scope of the present paper. |
h

A Latin square designs were originally developed to deal with {
residual effects that are additive. To this point, the primary |

A concern has been to control for the additive effects of serial

|
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position. Conventional statistical analyses routinely include
tests of significance for this factor. (It should be noted that
these . serial position effects are usually not of interest in
psychological research and in practice are rarely even reported.)
A unique feature of pairwise balanced Latin Squares is that they
make it possible to statistically estimate the contribution of
additive residual effects due to pairwise priority. To do this,
one must use an analysis proposed by Williams (1949) and
illustrated in Cochran and Cox (1957).

Perhaps obviously,a standard statistical analysis of a Latin
Square could be used in the present case, assuming pairwise residual
effects exigt, and that treatments and residual effects are
ucorrelated, then there will be a positive bias in the mean square
for treatments (i.e., the mean square will be larger than in such
residual effects didn't exist), and estimates of treatment effects
will be confounded with residual effects. However, since the
design is balanced, treatment effects will be confounded with their
own residuul effects. In contrast, Latin Square designs that are
not pairwise balanced will have treatment effects which may
be confounded with residual effects of other treatments. Further,
there will also be a positive bias in the mean square for treatments,
the extent of which will depend on the particular design, but which
in general will be greater than that associated with the pairwise
balanced designs.

Thus, if it is desirable to estimate the test direct treatment

M N Y N e e
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§% effects and residual effects separately, the analysis given in
;% Cochran and Cox (1957) is recommended. Note that this analysis
&

applies strictly to pairwise balanced designs, and not to other :

21y
%% designs in which carry-over may be suspected. Alternatively,
»¥
%§ a standard analysis of Latin Square designs, such as given in

most textbooks, would be testing, in effect, the significance

of an additive combination of treatments and their residual

%j effects when applied to the pairwise balanced designs.

h Computat jonal Procedures

Byl

z; The computational procedures for pairwise balanced designs

S

were first described by Williams (1949, 1950), and later reported

-

in slightly modified form by Cochran & Cox (1957). Since
neither source is commonly available to psychologists, we will

present the Cochran & Cox notation, and illustrate its use with

ST

an example.
i Designs differ in terms of whether more than one square is
uged and whether more than one subject is assigned to each row
of the square. Normally, two or more squares will be used when
n is odd. But also, it will sometimes be advantageous to use

several squares in the case of n even. It will increase error

degrees of freedom and can allow for greater control over the

K1 :
;3 Insert Table 4 about here

’_"k'vl

N distribution of pairwise distances. We have selected an example
¥ A

ﬁs employing two 3x3 squares with one subject per row.

§ ‘E
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The analyses presented here assume that row, column, and
treatment effects do not interact, and further, that the residual
effect simply adds to the effect of the following treatment.
Thus, for a row in which B follows A, and C follows B (i.e.,
treatment order A B C), the period in which C is applied has
a total effect attributable to treatments which is (t. + ry).
Similarly, the total observed effect of treatments when B is
applied would be (tp + ra).

To simplify the presentation, let us assume that an experiment
involves responses to three attitude statements, A, B, C, all
presented to each subject. A .given subject responds to a row
of an appropriately selected square, and a column corresponds
to the position in the order of presentation. Two squares are
selected to be pairwise balanced. The squares are given in
Table 4. Included in Table 4 is the hypothetical data, with one
observat fon per cell.

The following symbols are used:

= number of treatments (=3)

-]

number of squares (=2)

17
"

total of sequence (row)

|3
]

treatment total

|
| ]

total of position (column) in a given square

total of scores in positions immediately following the

I
"

treatment in question
F = total of sequences (rows) in which this treatment is the

last one

.\.
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gl = total of scores in first postion of all sequences
_ Ej = grand total of scores in a given square
G = grand total of all scores
The following quantities special to this analysis are needed:
P, -nc
nP; - (@ +2)6

Then some of the usual quantities are needed:

. c=BG2
Correction factor: C ]

Total SS = X2 - C  (df = mn? - 1)

Sequences SS = lsa2 _ ¢ (df = mn - 1)
o df = mn

Positions (Order) SS = nb:g_z - % 6,2 (@ = m( - 1)

Note that this is a sum of squares between positions within
squares.

Treatments (unadjusted) SS = EIE -C (@f=n-1)
mn

i
l
' % % el . Oty - - - . P T P I TR S S . At Ty J
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!

} . In addition, adjusted (for residual or carry-over) treatment

¥

} effects are computed as follows:

T= @-n-1)T+nR+F+P -nG

P
-1

and the adjusted sum of squares for treatments is computed:

BIRTE % SR

; 52 @==n-D
trts(adj) . @2 -n-1(@%-n-2)

Similarly, adjusted residual (carry-over) effects are computed:

R=nT +n%R +0F + 0Py - (n+2)G

N

o

and

ssres(adj) = 3Eﬁ;,_ m—

mn>(n

The total sum of squares for treatment effects (i.e., direct

plus residual) is given by:

SS¢rt = SSires(unadj) * SSres(adj)
or = S5¢tres(ady) * 5Sres(unady) !
Three of these four quantities were computed above; the fourth, %
K
Jd
ssres(unadj) may be computed by subtraction. However, to provide i
. ¢ a check on computations, SS;es(unadj) BaY be computed directly: E
First, for each treatment compute E
R'=f+4G-nr :
'
? ;
|
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?% Then the sum of squares is given by
) S5 restunady) = e '
N mn3(n2 -n -1)
%"? Finally, SS error is obtained by subtraction from the total
x sum of squares. Here the sum of squares for Positions within
} Squares has been removed. If instead the overall sum of squares
‘ for Positions is removed (i.e., assuming no differences in Positions
effects across squares), the error degrees of freedom becomes

(@ -1)@n - 3).
Insert T;bles 5 and 6 about here
: Table 5 summarizes the computations using the formulae
‘: that are presented above. Theamalysis of Variance Summary Table

is contained in Table 6. Note that the terms in brackets have
the same total. Tests on the effects of treatments and residuals
should only be made on the adjusted sums of squares. The Error
sum of squares is obtained by subtractjon of the total of all

other non-redundant sums of squares from the Total, i.e.;

sstot = 182.0, Thus, only one of the sums in brackets is
ungolved in this subtraction, otherwise effects attributable to
treatments (direct and residual) would be counted twice. Since
Pz,,. = 10.65 for a = ,025, both direct treatment and residual

effects are significant in this example.

%) TR 4 Y AT AT NN
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This example does not involve a design in which a between Ss
treatment effect is included, or in which multiple Ss are assigned
to a row of a square. However, the extention of the analysis to
such designs 1is straightforward and follows plans available in
standard texts. The adjustment for carry-over (residual) involves
adjustment of within subject effects. Purther, computation of a
Ss x Positions effect (the usual within Ss error) in this case
would be unaffected, Between Ss effects would use the usual

Between Ss error temm.

.\..‘ o ~‘-' \ o \~\... \..\.\ '._v‘..:.._ C oy '...-....’_:’ JE I

-
LY

.
-

.



BT T TV Ca T T ~ e T T T T DA Ay

o

-
>,

T iy r

Pairwise Balanced Latin Squares
20

;J References

" Alimena, B. S. (1962). A method for determining unbiased

distribution in the latin square. Psychometrika, 27, 315-17.

‘é Campbell, D. T., & Stanley, J. C. (1966). Experimental and quasi-

experimental designs for research. Chicago: Rand McNally.

Carlsmith, J., Ellsworth, P., & Aronson, E. (1976). Methods of

research in social psychology. Reading, Mass.: Addison-

Wesley.

Christensen, L. B. (1980). Experimental Methodology (2nd Editionm).

o Boston, Allyn & Bacon.

Cochran, W. G., & Cox, G. M. (1957). Experimental designs (2nd

Edition). New York: Wiley.

Crano, W. D., Brewer, M. B. (1973). Principles of research in

social psychology. New York: McGraw-Hill.

D'Amato, M. R. (1970). Experimental psychology methodology:

Psychophysics and learning. New York: McGraw-Hill.

Denes, J., & Keedwell, A. D. (1974). Latin squares and their

applications. New York: Academic Press.

Fisher, R. A., & Yates, F. (1953). Statistical tables for biological,

agricultural, and medical research (4th Edition). Edinburgh:

Oliver & Boyd. ’
3 Greenwald, A. G. (1976). Within-subjects designs: To use or not

to use? Psychological Bulletin, 83, 314-320.

Isaac, P, D., McCann, C. D., & Ostrom, T. M. (1983). Generation of

pairwise balanced Latin Squares. Unpublished manuscript,

- - \ “w -
EA AR AR M VN AL AR N TR TR TR P S TR |



f‘ Pairwise Balanced Latin Squares

21

. Ohio State University, Columbus, Ohio.

Lindman, H. R. (1974). Analysis of variance in complex experimental

designs. San Prancisco; W. H. Freeman & Co.
Murphy, M. D., & Puff, C. R. (1982). Free recall: Basic methodology

and analyses. In C. R. Puff (Ed.), Handbook of research methods

in human memory and cognition. New York: Academic Press.

Myers, J. S. (1979). Fundamentals of experimental design (3rd

Edition). Boston: Allyn & Bacon.
Poulton, E. C. (1973). Unwanted range effects from using within-

subject experimental designs. Psychological Bulletin, 80,

113-21.
Poulton, E, C. (1974). Range effects are characteristic of a
person serving in a within-subjects experiment design -- a

\ reply to Rothstein. Psychological Bulletin, 81, 201-2.

Poulton, E. C. (1982). Influential companions: Effects of one
strategy on another in the within-subjects designs of

cognitive psychology. Psychological Bulletin, 91, 673-690.

Rothstein, L. D. (1974). Reply ﬁo Poulton. Psychological Bulletin,
81, 199-200.
Wagennaar, W. A. (1969). Note on the construction of diagram-

balanced latin squares., 'Psycholog;cal Bulletin, 72, 384-6.

Williams, E. J. (1949). Experimental designs balanced for the
estimation of residual effects of treatments. Australian

Journal of Scientific Research -- Serles A, 2, 149-168.

RO ‘{'1.".’3'-,[1 "t lnt~H R (RO s S S



A

it

LR TNy

R e
A

R RN AR I AN AN L R R A N SN N G U N N R WV TUR G v T

RS AT L PE
RS AR

Pairwise Balanced Latin Squares

22

Williams, E. J. (1950). Experimental designs balanced for pairs of )

residual effects. Australian Journal of Scientific Research -~

Series A, 3, 351-63.

Winer, B. J. (1972). Statistical principles in experimental design.

New York: McGraw-Hill.

PR

&

VEPOWTRRN

e PRI e e N " - e TR YU
T N iy B A o e A ..-f\'.\'.\.,\“- D -‘\-...\J.



e

+

A
Rl

*
A

R R

A e

e S A S

oty de AL S

e e B e g
W, R B

L

'7!'
2
4
u

Pairwise Balanced Latin Squares

23
Table 1
Latin Square Selection Based on Traditional Criteria
Standard Square Recommended Square
Treatment Order Treatment Order ‘
Subject Type First Second Third Pourth First Second Third Fourth :

I. 0 1 2 3 3
II. 1 0 3 2 2
III. 2 3 1 0 1
Iv. 3 2 0 1 0

Note - Based on Winer (1972, p. 689).
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Table 2

First Rows of Pairwise Balanced Squares for n Even
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3 Table 3 :
k] 1
: First Rows of Pairwise Balanced Squares for n 0dd -
i
:
h 3
3 L
; 0 1 2
n=35
: 0o 1 4 2 3
> 0o 1 3 4 2
: 0o 2 1 &4 3
n=17
0 1 6 2 5 3 4
o 1 3 6 2 4 5
V o 1 4 2 6 5 3
: 0 1 4 3 2 5 6
n=9
o 1 8 2 7 3 6 4 5
! n=11
? 0o 1 10 2 9 3 8 4 7 5 6
p o 1 3 6 10 4 9 2 5 71 8
n =13
i 1 12 2 1 3 10 4 9 5 8 6 7
n=15
0 1 14 2 13 3 12 4 11 5 10 6 9 7 8
4 Note. - n = Number of experimental treatments.
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Table 4
Pairwise Balanced 3x3 Latin Squares and Simulated Data
Latin Squares
Square 1 Square 2
Treatment Position Treatment Position
Subject Type First Second Third Subject Type First Second Third
I 0 1 2 IV 2 1 0
I1 1 2 0 v 0 2 1
II1 2 0 1 VI 1 0 2
Simulated Data
Square 1 Square 2
) z
=4 -6 1 -9 6 7 -2 11
1 1 0 2 -4 -2 2 -4
3 2 -1 4 0 1 1 2
I 0 -3 0 -3 r 2 6 1 9
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Table 5

Summary of Computations

Treatment " A . - .
Mmber T R F & f=l/2 R Pm K
0 -7 -8 13 -62 -2.58 178 -3.25  -51
1 3 1 0 2 .08 -6 -.25 -9
2 10 11 -7 60 2.50 8% 3.5 60
P, -nG =2 - 3(6) = -16
nP) - (@ +2)G = 3(2) - (3 +2)6 = -2
T=5T +3R+F-16
R' = 3T + 9R + 3F - 24
C= ¢ = 36=20
C==T37 " 1s
SS.op = 2X° - C = 184 - 2 = 182

1 2 -1
55geq = 3 {zs} -¢ 31(-9)2 + 2%) + (2)2} -2 = 78.67

= 1(zp2} - L 2
SSpos w/ seq 3{22_} 3,._2{7,1:,1}

- % 02+ (2 + ... + M2} - %{(-3)2 + (92} = 6.67-

I ol g2 2 2) _ -
SStre(unad) 3Gy " ST g DT BT+ Q0O -2 = 2433
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72 2 2
sS = _II° = (-62)2 + (2)2 + (602 = 62.07
trt(ad)) 6(5) (%) 120
ss - IR2 = (-78)2 + (-6)2 + (84)2 = 61.00
res(adj) 2:3% (37 -3 -2) 216
ss = IR'2 = (-51)2 + (-9)2 + (60)2 = 23.27 1
res(unadj) 335 (37 -3 - D) 70— |
|
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Table 6
Analysis of Variance Summary Table
Source df SS MS F
Sequences mn ~-1=5 78.67 15.73
Positions m(n - 1) = 4 6.67 1.67
within squares
(cols)
Direct Treatment
and Residual
Treatment effects n-1=2 24.33 12.17
(unadj)
Residual effects n-1=2 61.00 30.50 10.78
(adj)
Residual effects n-1=2 23.27 11.64
(unadj)
Treatment effects n-1=2 62.07 31.04 10.97
(adj)
Error (@ -1)(mn -m - 2) =4 11.32 2.83
Total m? -1 = 17  182.0
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